The invasion of alien species can have serious economic and ecological impacts. Ecologically, invasions often lead to an increased rate of native species replacement and decreased biodiversity. A critical step in the dominance of alien species is their successful co-occurrence with native species. In this study, we assessed the occurrence of alien molluscs and their co-occurrence with native molluscs and identified the determining physical-chemical variables. We expected that a combination of some key variables of water quality could provide suitable conditions promoting alien molluscs to occur and to co-occur with native molluscs. The analyses were based on 20-year data, collected from river systems across Flanders (Belgium). Classification Trees (CTs) were used to perform the analyses and to develop the predictive models. Based on CT models, the co-occurrence of alien and native molluscs could be reliably predicted based on physical-chemical variables. However, there was insufficient data to determine the environmental conditions in which alien taxa dominate. From the past to the present, spatial co-occurrence significantly increased. Sinuosity, ammonium and nitrate concentrations, chemical oxygen demand, pH and conductivity were the key determining variables. Our findings suggest that the co-occurrence of alien and native molluscs mainly occurs in straight rivers with good chemical water quality. These results provide insights into the ecology and behaviour of alien species which could support management practices and priority setting for conservation planning in surface waters of Flanders and Europe.
Introduction
Invasive species have become a major concern for the global economy and environment (Sala et al. 2000) . A large proportion of the economy has been spent on the management of agriculture, grassland and various natural ecosystems to mitigate the effects of alien invasive species (Williams et al. 2010; Hulme 2012 ). Moreover, their spread threatens native species of the same taxonomic groups and surrounding biotic communities via e.g. species replacement, food web reorganization and community composition simplification (Gurevitch and Padilla 2004; Bernauer and Jansen 2006; Didham et al. 2007 ). Once invasive species have successfully colonized new habitats and co-exist with native species, eradication is rarely possible (Regan et al. 2006) . Consequently, the rate of replacement of native species by invasive species increases, which can thus lead to an overall decrease of native species (Olden et al. 2004) .
Invasion success depends on traits of the invaders and the suitability of invaded environments (Kolar and Lodge 2001) . Some taxa, e.g. Corbicula spp., are highly successful invaders due to their rapid spreading ability and their capability to withstand a wide range of environmental conditions (Werner and Rothhaupt 2007; Pigneur et al. 2014) . Habitat modifications, resulting in changed physical and chemical conditions, often promote the local abundance and regional distribution of alien species (Didham et al. 2007 ). Increased trade (shipping) and improved chemical water quality may also promote the number and abundance of alien species (IKSR 2002; Boets et al. 2016) . Therefore, identifying the environmental conditions in which alien species solely exist or co-exist with native species and determining those locations that could be invaded in the future will provide essential knowledge to support environmental management and conservation planning.
River systems in Europe have been exposed to the introduction of alien macroinvertebrate species. In the river Rhine, for example, alien species contribute 11.3% of the total macroinvertebrate species richness (Leuven et al. 2009 ). Among the macroinvertebrate invaders, molluscs constitute a large proportion (Leuven et al. 2009; Nunes et al. 2015) . However, for most river systems in Europe, e.g. river systems in Flanders, the environmental conditions in which only alien species occur or the conditions preferred by both alien and native species (co-occurrence) are poorly studied. Recently, an inventory and habitat suitability model of alien macrocrustaceans in Flanders was conducted (Boets et al. 2013; . Moreover, Boets et al. (2016) reported that alien mollusc species, e.g. the New Zealand mud snail (Potamopyrgus antipodarum J.E.Gray, 1843) and the acute bladder snail (Physella acuta (Draparnaud, 1805)), are highly abundant in the river systems of Flanders. As such, there is an urgent need to gain insight into the environmental conditions preferred by alien molluscs and to determine the conditions that allow alien molluscs to co-occur with native molluscs, as a basis for invasion control (e.g. locations and type of actions which deserve priority).
The aim of our study is to 1) provide an analysis of the spatio-temporal occurrence of alien molluscs and their co-occurrence with native molluscs in the river systems of Flanders over the past two decades (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , and 2) identify key determining physical-chemical variables associated with the sole occurrence of alien molluscs and their cooccurrence with native molluscs. We expected that a combination of some key variables of water quality could provide suitable conditions promoting alien molluscs to occur and to co-occur with native molluscs.
Material and methods

Data collection and treatment
The Flemish Environment Agency (VMM) has collected biological and environmental data in Flanders since 1989. The samples have been collected at more than 2500 sites spread over different water bodies. In this monitoring program, a standard handnet was used to collect macroinvertebrates following the method described by Gabriels et al. (2010) . At sampling sites where the kick sampling method was not possible, artificial substrates were used. Seven alien and 27 native mollusc genera were identified. Electrical conductivity (EC), pH and dissolved oxygen (DO) were measured in the field with a hand-held probe (Cond 315i, oxi 330, wtw, Germany and 826 pH mobile, Metrohm, Switzerland). All additional chemical variables, i.e. ammonium (NH 4 + ), chemical oxygen demand (COD), biological oxygen demand (BOD), total phosphorus (Pt), nitrate (NO 3 -), nitrite (NO 2 -), Kjeldahl nitrogen (KjN), and orthophosphate (oPO4), were retrieved from the monitoring dataset compiled by the VMM and which is accessible online (www.vmm.be). Nutrient analysis was performed spectrophotometrically in accordance with ISO 17025. GIS software (version 9.3.1) applied to the Flemish Hydrographic Atlas was used to determine the slope and the sinuosity of a watercourse using the difference in height in between two points 1000 m apart, and on a stretch of 100 m, respectively. For further detailed information on the determination of physicalchemical variables, we refer to Boets et al. (2016) .
Data from 1991 to 2010 were used for the analyses. The data were divided into 4 periods, each encompassing 5 years of sampling effort (i.e. 1991 to 1995, 1996 to 2000, 2001 to 2005 and 2006 to 2010) . This division provided more samples with which to model the preferred environmental conditions, and can provide useful information on changes in the occurrence of alien molluscs and their cooccurrence with native molluscs for each period. Due to limited frequency of occurrence for most alien mollusc genera (Table 1 , 2), we decided to merge all alien genera to form one categorical variable. This provided us with a higher number of instances for our predictive models and thus a better and more robust development of the model. Moreover, we were not aiming to make predictions for individual taxa but rather to reveal common environmental conditions that most of the alien molluscs prefer. In the same way, all native genera were also merged to form one categorical variable. Environmental preferences of each genus of alien and 1991-1995 1996-2000 2001-2005 2006-2010 1991-1995 1996-2000 2001-2005 2006-2010 native molluscs are provided in the Supplementary material Appendix 1. Each sampling site for each period was then categorized as: a "native" site (i.e. a site having only native molluscs present), an "alien" site (i.e. a site having only alien molluscs present) and a "co-occurrence" site (i.e. a site having both alien and native molluscs present), and this status was used as the response variable in analyses. Physical and chemical water quality variables that had missing values for more than 5% of the total samples were removed from the analyses. Each period thus consisted of one response categorical variable (native/alien/co-occurrence) and 13 predictor variables. To visualize the occurrence of alien molluscs and their co-occurrence with native molluscs, we produced an occurrence map using GISsoftware (ArcGIS version 9.3.1). The summary of the physical and chemical water quality variables and of the response variable is shown in Table 3 . 
7.5 (0.6) 7.6 (0.5) 7.7 (0.4) 7.6 (0.4) DO mg/L 7.5 (3.5) 6.8 (3) 6.9 (3.1) 6.6 (2.9) Sinuosity 1.1 (0. Modelling A Classification Tree (CT) model was used to predict the occurrence of native and alien molluscs and their co-occurrence, and to identify the determining physical-chemical variables. The CT was chosen among other machine learning approaches according to its performance for both predictive power and the importance of input variables (Chen et al. 2015) . Moreover, this decision tree model is relatively simple to implement, easy to interpret, and it tolerates missing values during both the training and testing phases (Therneau and Atkinson 1997; De'ath and Fabricius 2000) . A CT model is based on growing and pruning to select an optimal tree. In the growing phase, the decision trees were fitted using a recursive partitioning algorithm. In each growing phase, the root of a tree (the initial node) is built from the most informative input variables. From the root, the data is split into left and right branches based on the splitting rules defined by the values of selected input variables. The growing process continues up to the terminal node until all the data in that node are of the same class or until some other stopping criterion is reached. The terminal nodes are called leaves and are labelled with the corresponding class (Quinlan 1986 ). In the pruning phase, the tree was pruned by setting a complex parameter at cp=0.05. Where the tree had only a root, we decreased the cp to a level (e.g. cp = 0.04, 0.03, 0.02, 0.01) that at least two terminal nodes were produced. In practice, the first few splits mostly provide a very informative division of the data (Therneau and Atkinson 1997) . These criteria were set in order to make the trees easily interpretable and comparable in terms of the number of variables and complexity.
For each period, a three-fold cross-validation was used to train and validate the models. To build reliable models and to avoid misidentifying the key variables determining each class of the response variable, we made 3 replications of the three-fold cross validation. For each 3-fold cross-validation, the data was shuffled and randomly split into three subsets; two subsets were used for training and one subset for validation. For the second and third replication, we re-shuffled the data and randomly split it into new training and validation sets following the same procedures. From each training and validation set, a model was built and in this way, a performance value and the importance of each variable (as a percentage) of nine different models (3 models of each three-fold cross validation × 3 replications) were calculated. A mean performance value, obtained from the nine models, was used as a final criterion for model evaluation. Cohen's Kappa Statistic (K) and Correctly Classified Instances (CCI) were used to evaluate the model performance. The higher the value of K (ranging from 0 to 1) and of CCI (ranging from 0 to 100), the better the model predicts the response variable. The importance of each variable determining the preferred environmental conditions of each class (native/alien/co-occurrence) was averaged across the nine models. To identify which variables significantly determine the preferred conditions of each class, the importance of each variable was compared based on the standard error. The same procedures and criteria were applied for modelling the data for each period across the whole studied period.
To develop and validate the models, and to construct the classification trees (for visualization), the package "rpart" in R (Breiman et al. 1984 ) was used. As we had many models which produced many trees for each period, we chose to construct the tree based on all data points of each period to be the representative one. All statistical analyses and calculations (K and CCI) were performed in R (R Core Team 2013).
Results
Occurrence of alien molluscs and their co-occurrence with natives
Overall, the occurrence of alien molluscs spatially and temporally increased in fluvial systems in Flanders (Figure 1) . The "alien" sites accounted for 0.6%, 0.7%, 2.3% and 7.2% of the total samples for the period 1991-1995, 1996-2000, 2001-2005 and 2006-2010, respectively . The alien taxa which showed a notable increase in occurrences include Corbicula, Dreissena, Ferrisia and Physella. In the last period, a new alien genus (Menetus) was also recorded.
Detailed information on the occurrences and abundance of each alien mollusc genus is provided in Table 2 . There was also a spectacular increase in the "cooccurrence" sites; they respectively accounted for 7.1% (66/935 samples), 7.2% (146/2020 samples), 21.1% (567/2689 samples) and 47.3% (875/1850 samples) for the corresponding periods (Table 3) .
Key determining variables
For each period, the CT models were only able to reliably predict the "co-occurrence" and the "native" sites. The representative trees of the CT models for each period are shown in Figure 2 . Sinuosity was always one of the most important variables for the models of each period and this, together with chemical water quality variables (e.g. 
Model performance
The mean Cohen's Kappa Statistic (K) and the mean overall Correctly Classified Instances (Overall-CCI) of the models decreased from the past to the most recent period (Figure 5A-B) . For the four periods (1991-1995, 1996-2000, 2001-2005 and 2006-2010) , the corresponding mean K was 0.34, 0.32, 0.22 and 0.16, and the corresponding mean Overall-CCI was 93%, 92%, 79% and 54%. The mean CCI of models predicting the "co-occurrence" sites (CCI-co-occurrence) was lower for the first 3 periods (28%, 25% and 23%), while it was higher for the most recent period (52%, Figure 5C ). On the contrary, the mean CCI of models predicting the "native" sites (CCINative) for the past 3 periods (99%, 98%, and 96%) was substantially higher compared to that of the most recent period (66%, Figure 5D ). The models predicting the "alien" sites for the 4 periods did not yield any reliable prediction. Only one model that was based on the data from the latest period correctly predicted one instance of "alien" sites. The confusion matrices obtained from the models and which were used to calculate the model performance measures (K and CCI) are provided in Appendix 2. 
Discussion
Occurrence of alien molluscs and their cooccurrence with the natives
Alien molluscs have spread spectacularly in several European river systems during the last few decades, e.g. the rivers Rhine and Meuse (Bernauer and Jansen 2006; Collas et al. 2014; Pigneur et al. 2014 ). This phenomenon is similarly observed in our study in the rivers in Flanders. The remarkable increase in the occurrence of alien molluscs over the past two decades may reveal their outbreak or invasion success across the fluvial systems in Flanders, which resulted in an increased incidence of co-occurrence of alien and native molluscs.
Key determining variables
CT models indicated that co-occurrence is mainly determined by sinuosity and by a set of chemical water quality variables (i.e. NH 4 + , NO 3 -, COD, pH and EC). Sinuosity was always one of the most important factors determining co-occurrence as it formed the main root in all models. Sites having a low sinuosity (<1.01), which corresponds to mainly straight rivers, may be subjected to a high number of passing ships, which is considered one of the main pathways of invasions (Bij de Vaate et al. 2002; Nunes et al. 2015) . Straight rivers shorten travelling distances, resulting in more frequent transportation, thus allowing a large and frequent amount of ballast water to be released. Consequently, with a higher number of introductions, the survival rate of alien molluscs increases (Gollasch 2006) . We found that the hotspots of mollusc invasion (the alien and the co-occurrence sites) were mainly situated in brackish polder watercourses and in large rivers that have a shorter distance to the ports in the Rhine delta, to the coast of the North Sea and to other large rivers (e.g. Meuse River). This observation is supported by evidence in Boets et al. (2016) and in Grabowski et al. (2009) who found that alien fauna mostly inhabited large rivers where intensive navigation takes place.
Besides river morphology, water quality is one of the major factors influencing the distribution and diversity of freshwater fauna (Leuven et al. 2009; Wang et al. 2012) . Key variables used to evaluate water quality are NH 4 + , NO 3 + , COD, pH, DO, Chloride, and total phosphorus (US-EPA 1986; SEQ-Eau 2003; WWF 2007; Chea et al. 2016) . Good water quality supports a high diversity of invertebrates (Leuven et al. 2009 ). In our study, where sampling sites had a low sinuosity (<1.01), cooccurrence was mainly dependent on chemical water quality status.
River systems in Europe as well as in Flanders have suffered from severe water quality degradation in previous decades. During these periods, some native species were reported to disappear (Bernauer and Jansen 2006) and only species that were able to withstand this water quality degradation remained. In the early 1990s, the invasion of alien molluscs seemed to be at an initial stage as reflected by the presence of only five alien taxa with limited spatial occurrence and low abundance ( Figure 1, Table 2 ). Although water quality was degraded during these periods, we found that a low NH 4 + concentration (<0.4 mg/L) and a nitrate concentration higher than 2.4 mg/L were preferred by both the alien and remaining native molluscs. This could be because higher NH 4 + concentrations negatively affect their living conditions (Friberg et al. 2010) . Moreover, an enrichment of nutrient content (e.g. NO 3 ->2.4 mg/L) could be advantageous for alien molluscs at the beginning of the invasion. Nutrient enrichment provides resources that can be used by alien molluscs and thus may enhance their proliferation (Hall et al. 2003; Strayer 2010) . However, a very high nutrient concentration (e.g. NO 3 ->25 mg/L) is also an indication of a high level of water pollution (SEQ-Eau 2003), which can negatively affect both alien and native species (Boets et al. 2013 ). Nonetheless, a low NH 4 + concentration and an optimum nutrient content (i.e. mean NO 3 -of 3.3 mg/L) facilitated alien and native molluscs co-existence during the early 1990s.
The late 1990s and early 2000s appeared to be an expansion phase for some alien molluscs (e.g. Ferrisia, Physella, Dreissena and Corbicula) since we found a large increase in their occurrences and abundance (Table 2 ). This increase may result in a substantial effect on water quality in river systems. A high abundance of filter-feeders (e.g. Dreissena and Corbicula) and Physella, which also feeds on phytoplankton, can lead to increased nutrient concentration. This is because the filter feeders consume phytoplankton, thus limiting the abundance of nutrient utilizing phytoplankton communities, allowing nutrient inputs (e.g. nitrate and phosphate) from surrounding areas to increase in river systems (Lavrentyev et al. 2000; Pigneur et al. 2014 ). However, this might not have led to a severe impact on water quality because during these periods there was a successful rehabilitation program for improving water quality, restoring riverine ecosystems and improving habitat connectivity in Europe (Leuven et al. 2009) . A decreasing trend of nitrate and other water quality variables (e.g. COD) was observed in the river systems in Flanders (UN 2004) . Therefore, it can be inferred that improved water quality and the rehabilitation programs not only helped to recover the diversity of native species but also promoted the occurrence and abundance of alien species. Indeed, Leuven et al. (2009) indicated that when hydromorphological conditions remain unchanged, improvement in water quality promotes alien species.
In the late 2000s, a high percentage of surface water bodies (43%) in Europe were considered to be at a "good status". The number of waterbodies increased to 53% in 2015, and Flanders was one of the regions that well implemented the policy of the Water Framework Directive (EU 2015) . The improvement in water quality was associated with a great increase in the spatial occurrence and abundance of alien molluscs. The two filter feeders (i.e. Corbicula and Dreissena) always expanded their range and frequency in the late 2000s even though the number of sampling sites and total sample size were lower than the early 2000s. Moreover, a new alien genus, Menetus, also emerged in the late 2000s. This suggests that the late 2000s can be considered as the expansion phase of the existing alien molluscs and the beginning of the expansion phase of the recently introduced alien genus, Menetus. These results are therefore unlikely to be an effect of the sampling strategy, but rather reflect the suitable physicalchemical conditions for alien molluscs to spread and proliferate. However, we found that the pH value, which was the second most important variable in determining the co-occurrence of alien and native molluscs (Figure 2, 3 ) during this period, was relatively high (pH: 6.5-8.5). This is probably related to certain specific environmental conditions linked to geographic regions. For example, a high pH value could be mainly recorded from brackish polder watercourses and from the main harbour watercourses where a high level of seawater intrusion occurs and a high intensity of human-related activities takes place. The alkaline watercourses may have a higher concentration of calcium and magnesium compared to inland watercourses, thus may be preferred by some alien molluscs (e.g. Ferrisia and Physella) since they require a large amount of calcium and magnesium to form their shells (Brodersen and Madsen 2003; Gallardo and Aldridge 2013) . Moreover, molluscs in the family Physidae, including the alien Physella and the native Physa, are pollution tolerant and can occur in areas with high pH values (Rodrigues Capítulo et al. 2001; De Troyer et al. 2016) . Boets et al. (2013) also found an increase of alien species abundance with increasing pH.
Across the models of the four periods, other than NH 4 + , NO 3 -, COD and pH, EC was also selected as one of the key determining variables. Many studies have shown that high conductivity mostly favours alien species. For example, alien amphipods in the Vistula and Oder rivers of Poland, alien macrocrustaceans in fluvial systems in Flanders and alien gastropods in isolated ponds in Poland all benefited from high conductivity (Grabowski et al. 2009; Boets et al. 2013; Gallardo and Aldridge 2013; Spyra and Strzelec 2014) . It is likely that alien mollusc species are well adapted to withstand high values of EC, while only a few native species (e.g. Lymnaea stagnalis (Linnaeus, 1758)), which occur in a wide range of environmental conditions (Brown et al. 2011) , are able to co-exist in these areas. Our findings suggest that increased spatial co-occurrence results from the introduction or migration of alien species to the connected environments where native species are present or to new environments where conditions fit them best, e.g. sites having a high conductivity. Colonizing new niches where most of the native species are not able to thrive is one of the main strategies found among invaders (Verbrugge et al. 2012) . This might further imply that, after success in co-existing with the native species, the aliens may overrun some native species and further spread to new areas. Clear evidence can be seen from the drastically increased occurrences and abundance of most alien molluscs from the past to the present, from the decrease in occurrences and abundance of the native Physa, Aplexa and Theodoxus, and from the disappearance of the native Bythinella, Margaritifera, Marstoniopsis and Myxas (Table 2) .
Although not directly taken into account in our models, previous studies have demonstrated that dispersal vectors are important in making predictions on future locations that may be invaded by alien species. Indeed, recent research on the dispersal of alien macrocrustaceans in Flanders (Boets et al. 2013) showed that increased shipping and the connection between waterways promote the dispersal of alien species. Moreover, habitat conditions (bank structures and substrates) and hydrological variables (e.g. distance to ports/coast, flow regime and connectivity) can also influence the occurrence of alien species (Josens et al. 2005; Messiaen et al. 2010 ). However, further research suggested that although habitat and hydrological variables can improve model reliability when predicting the spreading rate of alien species, these variables are often not the limiting factor when making predictions on the scale of Flanders (Boets et al. 2014) . Nevertheless, these variables should be taken into account for future research that aims to analyse and predict particular preferred conditions of alien molluscs at a larger scale.
Model performance
Predictive models are widely applied to assess the environments or areas that alien species have invaded or would invade (Pitt et al. 2009; Boets et al. 2013; Chen et al. 2015) . In many cases, the performance of these predictive models ranges from fair to moderate (Gabriels et al. 2007; Boets et al. 2013 ). In our study, the overall performance of the models was moderate to good. When using data from the past period, the performance was higher than when using data from the most recent period ( Figure 5A-B) . This could be attributed to less complex biotic interactions and to the limited frequency of occurrences of alien species in the past. In this context, alien species may invade those sites where competition is low and where few native species occur. As alien species start to spread, competition with native species increases, and thus some native species which had a small environmental range may disappear (i.e. Bythinella, Margaritifera, Marstoniopsis, Myxas) or decrease their occurrence and abundance (e.g. Aplexa, Theodoxus). This is epitomized by alien and native molluscs in the family Physidae. In the past, the alien Physella occurred at only few sites with a few individuals, while the native Physa abundantly and widely occurred. A contrasting relationship between the two taxa was observed for the last period, in part due to a declining trend in the abundance and spatial occurrence of the native Physa. This could be a result of competition for food and niche with the alien Physella. Biotic interactions are important in predicting species distribution (Araújo and Luoto 2007; Meier et al. 2010) , and when included will generally increase the predictive performance of a model. The exclusion of biotic interactions in our study may explain the overall lower performance of the models based on the most recent period. Moreover, during the late 2000s the range of environmental conditions where alien species occur increased (Figure 4 ) while many native species recovered their range and density (Table 2) , due to improved water quality. This higher co-occurrence might also explain the lower performance of the models.
Similarly, higher co-occurrence may have influenced the higher reliability in the prediction of the "co-occurrence" of alien and native molluscs for the recent period compared to the first three periods. Likewise, models predicting the "native" sites yielded a high performance when the prediction was based on the periods (i.e. the first three periods) that have a large sample size of the "native" sites. This is quite logical as for predictive models the more input samples provided the better the models learn, and as a result, a higher predictive performance can be obtained (Stockwell and Peterson 2002; Hernandez et al. 2006) . On the other hand, the models were not able to predict the "alien" sites (Appendix 2), due to a low number of instances of this particular class. Although the number of samples of the "alien" sites increased in the most recent period, it was still not sufficient for the models to learn and make a correct prediction. Small sample sizes, together with the opportunistic and generalistic characteristics of the alien species (Nehring 2006) , are therefore considered the main reasons for the models to yield a very low performance. Additional observations or a particular optimization approach is thus recommended to better predict the "alien" sites and evaluate the predictive power of the models.
Conclusion
From the past to the most recent situation, there is an increasing trend in the spatial co-occurrence of alien and native molluscs in Flanders. Co-occurrence was predicted to mainly occur in rivers having low sinuosity and good chemical water quality. In addition, our most recent data indicated that alien molluscs have reached a relatively high number of sites where natives were not present, indicating either that alien molluscs have invaded more new sites or replaced native species at sites where they previously occurred. Given that our models were not able to make reliable predictions for environmental conditions preferred by alien molluscs, additional predictors and observations or perhaps a particular optimization approach is needed to predict the habitat conditions where alien molluscs are able to dominate the community. These results provide important information regarding the past and current coexistence of alien and native molluscs in Flanders. Our findings may be used to support management and conservation planning.
